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MAGNESIUM-SLURRY COMBUSTION PERFORMANCE IN 6.5-INCH—DIXMWIXR

RAM-JET ENGINE MOUNEED IN CONNWTED-PIPE FACILITY

By J. Robert Branstetter, James B. Gibbs, and Warner B. Kaufman

The performancee of
powder In a hydrocarbon

sm!MARY

slurry fuels consisting of 50 percent magnesium
carrier was Investigated in a flight-type, 6.5-

~nch-diameter-ram-~et.engine muunted in a connected-pipe facillty. A
cotiustor configurateIon was develuped that provides acceptable conbas-
tion performance for equivalence ratios between 0.39 and 0.95. Combus-
tion limits were not determined. At the richest equivalence ratio
investigated, 0.95, the air specific Iqulse was 178 seconds, the air
specific impulse effIciency was 96 percent, and the codmstor efficlency
was 86 percent. At the aforementioned equivalence ratio and for a simu-
lated free-stream Mach nuniberof 2.3 and altItudes above the tropopause,
the gross thrust coefficient was 1.29. Satisfactory ignition and stert-
ing characteristics were achieved over an equivalence ratio range ofw
0.65 to 0.90. AU codxzstor parts successfully wfthstood a durability
test of 78 seconds duration. Only a thin layer of magnesium oxide was

b deposited on the combustor parts and nozzle.

Performance comparisons were made between the developed slurry
system and the data obtained in the free-jet and fl@ht tests of s=ar
ethylene-fueled ram-jet engines at the NACA Langley labozktory. The
thrust coefficients provided by the slurry fuel were greater than those
of the ethylene system for equivalence ratios ~eater than 0.4. The
maximum net thrust Coeffick’lt for the slurry was 1.43 t-s the maximum
obtained with the *ethyleneat a simulated free-stream Mach nuniberof 2.3
and altitudes above the tropopause. The slurry-fueled ram-jet engine
produced cmsiderably higher fuel volume specifIc impulse; however, the
fuel weight specific @ulse was slightly higher for the ethylene system.
At constant air flow and comper~le gross thrust coefficients, the
comhustion-chaaiber-inletpressure generally was lower for the slurry than
for the ethylene fuel. The slurry ccmibustor-fuelconibination appears
suitable for flight testing and
maxk velocity, acceleration,
ethylene-fueled vehicle.
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INl!RODUCTIQN
.

The cotiustion performance of metal slurry fuels, that Is, metal .
powders suspended .inliquid hydrocarbons, l= been investigated in s~l-
scale, jet-engine-typeapparatus (refs. 1 an. 2). The Investigateions
Indicate that it is possible to achieve greater thrust and wider conbJs”-
tion limits with magnesium slurrtes than with petroleum fuels. Because
of these performance characteristics,magnesium slurries appear to be
well s@ted for applications to jet engines_Euchas the r~-jet engines
used for pawering short-range vehicles. A yehicle of this type is being
employed at the NACA Langleylaboratory to obtain supersonic aerodynamic
data. The vehicle has many destiable flight characteristicsprovided
good cotiustion performance can be achieved in the two short, 6.5-inch-.
diameter ram-~et engines installed in”the tail surfaces (ref. 3).
Ethylene, a high-flsme-speed gaseous fuel, @s been used to achieve
acceptable combustion In the short cmibustor? (refs.,4, 5, and 6). The-”-
favorable thermod@&mic properties reported @ reference 7 and the good
combustion perfogce reported in references 1 and 2 Indicate that
gains in performance maybe expected .$Qapplication of magnesium slurry
fuel to the vehicle. Consequently, a’cooperative re”searchpro$ect .
between the NA.CALewis and Langley laboratories was established wherein
the Lewis laboratory uudertook the developmeti of a conibustorfor the
flight-type enginethat would use magnesium-slirryfuel.

For the program reported herein, a slurry composition of 50 percent
magnesim powder and 50 percent hydroca%on-i%el by weight was selected;
this selection was based on the data of references 1, 2, and 7 and an
investigation of the physical characteristic-s.of slurries (ref. 8). The
slurry fuel was evaluated In a 6.5-inch-diameterflight-type eggine -
which was ~umted in a connected-pipe”facility. The tests encompassed
a range of conibustor-inletconditions;similar to those reported for a
flight test of the””sameengine (ref. 6). The performance of three
particle-size grades of magnesium powder and of several flame-holder
and ln~ector configurations is reported herel’n. Data for the best per-—
forming slurry-engine confirmation and a direct comparison between
these data and ethylene performancee (refs. 4 “d 6) m?e discussed in
detail. In addition, this investigation treats SOU” of the pertinent ___
physical problems encountered with slurry fuels.

SYM801S

The folluwing”syibols are used In this report:

A cross sectional area, sq in. .—

B barrel thrust, lb
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T (M)

net thrust coefficient

gross thrust

total stream

acceleration

Mach nmiber

coefficlent

momntum at nozzle exit, lb

due to gratity, 32.17 ft/sec2

mass flow rate, slu@/sec

total pressure, lb/sq in. abs

static pressure, lb/sq in. abs

kinetic pressure, lb/sq in.

gas constant for air, 53.3 ft-lb/(lb)(OR)

atr speclfic impulse
nozzle throat, sec

fuel volune specific

fuel weight specific

for sonic flow of eihaust

impulse, lb-sec/cu ft

impulse, sec

static temperature, OR

velocity, ft~sec

weight flow rate,

density, ~/CU ft

ratio of specific

equivalence ratio

lb/aec

heats

stream momentum of jet expanded to the area of
by stream momentum at station 9

Sribscrigts:
*

o inlet plenum

. 3 cliffuser-inlet minimwn area

products at

station 8 divi~d
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7 diffuser exit +> ..

8 conibustorexit .— -..-—

9 nozzle exit -,.

12 exit plenum

s. air -

—

—.
-

c denotes isentropic d~usion”of afi:=fromstation 7 to the msx=
imum combustor area -—

f fuel

FUEL AND APPARAT@f

Fuel. - The fuel contained equal parts,-by weight, of &nesium
powde=d a hydroc=bon fuel plus stabilizin& additive. The powder .—.
particles were spherical in shape end were found by analysis to contain
98 percent flreemagnesium. Powders of three gradeq of fineness were –
used and, for the purposes of this report, me designated grades Az B,
and C.

ELL..-.

Mean
particle
she,
microns

30 - 40
17 - 23
3.5 - 5.0

The mean particle size was obtained with a Fisher Sub-Seive Sizer. ~ –
analysis of the hydrocarbon carrier, MIL-F-562ti grade JP-3 fuel, is. ..
given in table I. --.

The slurries were prepared in batches of-lOO to 200 pounds ”each.
&uing or stabilizing agents, in quantities.?f 1/2 to 1 percent of the -
total mkkure, were added to control viscosity. Methads of determining
physical properties and the t~nology descr~bing the physical charac-
teristics of n&al-hydrocarbon slurrieg.we presented in reference 8.
During the first phase of the Investigationj the fuel viscosity was
particularly dfffhult to control; co~equentlyt the $luidity and the
stability of the slurry varied considerably from batch to batch. The
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powder grade, slurry viscosity, and stability t- for each batch are
presented in table II. The density of the slurries was 1.05 grams per
cubic centimeter and the lower heat of combustion was 14,770 Btu per

3’
pound. The stoichiometric fuel-alr ratio was 0.1128.

Fuel system. - A schematic diagram of the basic fuel system used
for the combustion tests IS shown on f-e 1. The fuel WRS s-~led to—
the engine by pressurizing a 4-cubic-fo~t fuel tank with nitrogen. The
rate of fuel flow was governed by the area of a flow-restricting orifice
located qstream of the fuel in~ectors and by the controlled fuel tank
pressure. The nominal diameter of the fuel feed llne was 1/2 Inch.
The maximum fuel in$ection pressure was 600 pounds per sqyare inch.

Ram-jet insta13.atlon.- The engine was mounted as shown In figure 2.
A 3-foot-lore shroud was mounted on the dlffuser lip in an effort to
obtain a flat velmit y profile at the entrance to the dtifuser. A photo-
graph of the installation wtth the inlet shroud removed ts presented on
figure 3. The inlet plenum and otilet plemm ducts were connected to
the laboratory air supply and the atmospheric exhaust system, respec-
tively. The conibustionair,.after passing through a ttie-type heat
exchanger, was metered and then throttled by a remotely controlled but-
terfly valve. The conibustorshell was cooled by diverting a ftied por-
tion (a~rox-tely 36 percent) of the conibustion air through a l/2-inch
annulus between the sheld.and a cooling ~acket. The high etiernd pres-
sure impressed on the combustor by the cooling air necessitated the use0
of four longitudinal reinforcement bars and a conibustorshell thickness
of 0.093 Inch. The cooling air reccmibinedwith the main portion of the

. contmstlon air in the inlet plenum and then entered the engine. A win-
duw in the inlet plenum permitted visual and photographic observation
of the flame.

The conibustionproducts were discharged into a barrel-type thrust
target mounted In the exhaust plenm. The gases, titer being cooled by
water sprays located in the barrel and the vertical duct, passed through
a fixed-baffla separator and into the exhaust stack.

Ram- jet engine. - A detailed description of the basic engine is
presented h reference 6. A diagram of the engine, as modified for the
present investigation, Is shown in figure 4. The diffuser-llp dl=ter
was 4.42 inches. The inside diameter and length of the =conel combue-

tor were + and 19 inches, respectively. Convergent exhaust nozzles of

5.66- and 6-inch diameter were used.

The inner body of the basic engine of reference 6 was modified
r immediately downstream of the support struts to acccmmmdate the slurry

in~ector &d the flame holder. ~-spring-loaded, variable-port-area
inJector, having four longitudinal slots spaced 90° apart, is shuwn in
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f Igure 4. The piston area and the spring wey,edesigned to provide about
50 pounds.per square Inch pressure dr~p for,A~hefuel-flow range inv&stl-
gated. An O-ring seal and silicone ~ease p~evented selz.l~”of the pis-
ton. Atomization of the fuel was achieved by @lnglng the fuel jets on

—..

a 4.5-inch-long cylindrical sleeve mounted in the air stresm. The fuel
slots were located 12 inches from the,face of the flame holder (fig. 4).
The flame holder was composed of V-g@9rs ~d f~els (s~faces of .
revolution of a cone) and blocked 46 percen~f the combustor cross- –
sectional area. The material used for the flame holders was 1/16- or
3/32-inch-thick Inconel or stainless steel,”-ckboth. The aforementioned
fuel injector and flame holder gave the best””perfo-ce of the sever~-.
t~es tested during the development progremi””Tl?ispro~am is ~sc~se~...—
in appendix A. ..

Ignition was providedby a magne&iumf@re of 8-inch length and
2-tich diameter with a nominal burping time of 45 seconds. The f-e
“was cemented into a l/16-inch-wall Inconel ttie which fitted into the
flame-holder cavity (fig. 4). me downstream (iggi:ion) face of t@
flere and the downstream edge of the flame holder were located at the ““
same axial.station;” ---

Instrumentation. - The co?ibuetionair flow was measured by a squere-
edged orifice confomdng to A.S.M.E. standaz@. The portion of the co~~
bustion air temporarily diverted for cooling~urposes was approximated—.
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by means of a pitot-static tube. The reaction of the thrust barrel to
the forceof the exhaust Jet and the change in ~oss weight of the fuel
tank were sensed by strain gages. Fuel-injection pressures were ~qsur~.d
by a Bourdon gage located aB shown in:flgure-=l. —

The inlet and exhaust plenum pressuresY-the combustion-ah differen-
tial pressure, and the static pressures at gtations 7 and 8 were sensed
by Statham pressure pickups. These pressure8 and t~ two straln=~e
forces were measured on an efght-channel oscillograph which recorded tne

----.

data continuously as a function of time. The frequency response of the
system was flat from O to 25 cycles per secoad. .-

Pressure pickups and seU-balanc@g potentlouters recor@d the
following pressures at 2-second intervals: .-

Conimstion-air orifice differential pre.qsure —
Ccmimetlon-air upstream orifice pressure
Cooling-a& static pressure
Difference between cooling-air total and static pressure

Temperatures were measured with similsr recording potentiometers _.
at 12-second intervals at the followfng stations:

.---- ._
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.
Cozdmstion air, orifice
Cooldng air, Inlet
Cooling air, outlet (three parallel thermocouples)
Conhstlon air, entering engine
Fuel
Combustor wall (four separate thermocouples)

PRcmDuRx

The fuel flow rate and the thrust measuring appsratus were cali-
brated with dead weights pridr to each run. The pressure-recording
equipment was S* ~ected to a comprehensive calibration a~roximately
every 10 runs. An additional check of the instrumentationwas made
after each run by obtaining steady-state, cold-flow data at several ati
flows and compering the recorded data to manomet= and panel gage
readings.

The slurry was thoroughly mixed on a barrel-roll= imnediatel.y
prior to test-. Some of the slurries listed in table II as “unstable”
began to lose their homogeneity soon after the rolling ceased; howwer,
the powder distribution in the carrier was believed to be reasonably
uniform for the duration of the run. The slurry was transferred to the
fuel tank by pressurizing the mixing barrel with nitrogen.

.
A small qyantity,of heated cotiustion air was passed through the

apperatus before each run to permit the inlet air ducting to approach
equilibrium t&nperature.. Pressure was applied to the fuel tank and the
recorder chart drives were turned on. The fke was ignited at low
rates of air flow to reduce the danger of damage to the ignitidn leads.
The air flow was rapidly inaeased to the starting condition and the
fuel valve opened.

The fuel-tank pressure was held constant for 15 seconds or longer
to provide sufficient time for &termination of the fuel flow rate.
During this period the air flow was.varied over as wide a fusl-ati ratlo
range as possible. If sufficient fuel remained and the flame was stable,
the fuel flow was reduced and the procedure of vsr@ng the alr flow was
repeated. The duration of the tests seldom exceeded 2 minutes.

After the run, the fuel-tank system was drained and
gasoline. The engine was disassenibledand inspected for
ure and oxide deposits.

. A
define

sufficient n-er of
the performance over

D&CA REDUCTION

data points were chosen from
the range of fuel-air ratios

flushed wtth
material fail-

the records to
investigated.



8

In order to reduce transient
and fuel flow rates, thrust,
or changing only slowly with

N(ICARM E53E27

effects, points were selected when the air
and coxibustor“~ressureswere either const%nt
time.

The fuel flow rate was calculated from the slope of the fuel tank
weight against th trace. Combustor-inlet velocity, Mach nuuiber,and
kinetic pressure, Vc, 1%, and ~, respectivelY~ =re c~~fed ass~-

ing isentropic diffusion of ah from statton 7 to the maximum combusto~
area. Because of-the erea blockage sfforded”by the-flame-holder case,.~
the actual Inlet velocities and kch numb=”s”were consid~rably hQher
than the values presented. Computations of the pressure at station 9,
the exhaust nozzle, were made assuming Isentropic, sonic flow of the
exhaust products. .—.—.

The usual parameters for expressing combustor pe~ormance based oh
temperature rise across the ccnibustorare di?ficult to determine and
exe of questionable applicabilityy for magnes~um slurry fuels. This dif-
ficulty arises because the thermodynamic processes for heterogeneous
solid-gas mlx%ures are not fully dev610ped.. It iS advisable~ therefore~
to establish the performance of the fuels on the basis of parameters
that account for the thermodynamic characteristics of the exhaust and
exe a measure of the thrust-producing capability. The parameters that
appear most useful as an index of l?ue”lperf@?mence sre ati specific
impulse and fuel spectiic impulse (ref. 9). These impulse functions,
which conveniently express the total .ptreemlmomentumper pound of air
and per unit of fuel referenced at the exha&t nozzle throat where the
Mach nuniberis equal to 1, are defined as:

Air specific hpulse
...-.

P9~+mv9
sa=L

Wa ‘a

where

Wa
m=—

(

1
~

F for the experimental data eqyals

B + P12

.—

Wf)+w;

. .

A9 ““””

The method for determining F f,spresented in appendix B. –

Fuel weight specific impulse ~ 1~ ‘
L.—..-

Sa —
Sf,wt = ~ -

. ..-

—

A

...

a =
—

—

—
---- —

—
-— -. .-
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—.-

—

.— ——.-
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.
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Fuel specific imptie Is also determined on the volum basis, which
indicates the volume rate of fuel consumption.

&

f?f,vol= (Sf,wt) P
~
N The actual specific @ulse data for the 50 percent magnesium

slurries exe compared to the theoretical values obtained from reference 7.
The theoretical values were corrected to an inlet-air temperature of
3500 F. Alr specific iqulse efficiency is then defined as

(. )‘a,actual
X1OO at constant equivalence ratios

\aa,idea3-/ -

Conbustor efficiency for each datum

()M&l
oact~ ’100

Gross thrust coefficients were

pofnt was determined by

at constant Sa

conqmted for an engine h which the
pertinent internal cross-sectional areas were the same as those given
in reference 6. .

.

r[ I
#@Sa~@-*-~

.

where

A= 0.1065 sqft

M = 2.3

t = 393° R

Y = 1.4

~M) = 1.051 for

The conkmstor pressure losses were
according to the following relation:r

‘7 - ‘8
. %

Y = 1.3

conqmted as a dimensionlesssrat10

where ~8 was determined for a ratio of specific heats of 1.25.
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RESULW3AND DISCUSSION

Slurry Performance

Engine performance. - This investigation was pr~ily directed
toward the development of a slurry-fueled c@ustor for the flight
vehicle. Therefore, the results dlscussed herein pertain to the develgp.
ment of en engine satisfactory for flight application. The requirements
for the flight application were a co-tor.that would exhibit higher
thrusts (air specific impulse) and mpre desirable fuel consumption thai
the ethylene cotiwtor at the folLowlng conditions: inlet-air pressui?e,
30 to 60 pounds per sq~e inch absolute; e~uivalence ratio, 0.5 to O.9;
inlet-air temperature, approxinmtely 350° F; exit-nozzle throat di”~--
eter, 6.0 inches.

.—.

-.

—

.-

The engine development progrem,,presented in appendix A, included
an investigation of the effect of p&i cal‘propertiesof ties ium Sliii--
ries, fuel-injection vsriation, fl--holder configurateions, exhaust-““
nozzle diameter, and ignition systems. The product of this program,”~- -.
combustor whidh &chibited the best over-all performance, contained the
following components: slurry, gradq C (most reactive) powder in
~-F-562U grade JP-3 fuel; injector E, v&iable area with a 4.5-incK-
long impingement surface; flame hol~r, C, a-gutter~funnel type,
blocking 46 percent of I@ ccmibustor.-entr~cearea; exhaust nozzle, “-

—
*I

a _–

m

ii

—

=

.-—

--

-
——
,.

=

-.
.—
—

—

6-inch-diea&er throat; ignition &ice, a~-inch-diameter”, 8-inch=lo~
.._._ -

-Sire flare.
.

Table III presents,the pertinent,primary data obtained “ --.=

with this conibustor-fuel cd ination. The”’precisionof these data and
——

the reliability of the results sre presented in appendix B. The res~ts +
that follow ere for the tioremeqtioned cotiustor-fuel ccmibination.

.—
. - ~

Air specific impulse data. - Figure 5 presents air specific hp~se
as a function of equivalence ratio for the_experimental,and ideal per-- --- z

.-.—._

formance of the slurry. Ideal octene-1 datq, shown on the figure, were
obtainedfrom reference 7. Stable cofi~t~@ was maintained over the
range of equivalence ratios investigated f~om 0.39 to 0.95. At “tliese ~
equivalence ratios the eqerimentally determined impulse v61WS were --
118 seconds and 178 seconds, respectively. The corresponding ideal

——

slurry impulse values were 137 and 185 secb”fi.
.- —..A._

.=

Eff@CtS of solid deposits. . During the e~ly ,phasesof this ,inves-
tigation, deposition of’magnesium oxide and magnesium on the flame -

.-

holder, dotiustor %wiQs, and exit nozzle of-tenresulted in excessive .---- .-

blockage of the flow srea and excessive pressure drop across the engine .-

(see a~endix A). For the runs shown in t-ale III and presented in fig- ~
ure 5, only a relatively thin coating of deposit was observed on the *L
engine surfaces after each run. CoMbustor total-pressure-drop data
(fig. 6) indicate the over-all pressure losses between stations 7 ~~8. “= ‘“’~
These pressure losses are presented as a function of density ratio acrosE =
the conibustor;the density ratio was computed
relation

7---

from the approximated — –.—
—
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.
PC p= t8
—= ——
P8 p8 ‘c

.

where t8 was estimated from the data of table ~ ati referenCe 7. A

solid line shown on the figure is the sun of the isothermal friction
pressure losses obtained with a clean conibustorand the idealized.momen-
tum pressrme losses computed according to one-dimensional incompressible
flow relations. These sununedpressure losses were even greater than the
measured losses which included the effect of solid deposits. Therefore~

pressme losses due to solids adhering to the conibustorsurfaces =e
small with respect to the momentm and friction losses.

The effect of solids within the nozzle in reducing the nozzle area
can be
stream

where

indicated by use of a one-dimensional flow relation. The total
momentum at the exhaust nozzle can be expressed by the rektion

(’)M2

‘9 =P& 1+
Wsolids

1 -—
%otal

4 = cgAg. Nozzle sxea blockage by solid deposits ti~ affect

the over~all area coefficient C9. TTMSnozzle was always Chohd d P9
● was not measured; hence the equation may be rewritten as

. y+-)F9=P8P

The VdE! p9/p8 was computed By If=tropic f1~ equatfons ass~%

that the area at station 9 was ~ or C#9.

The value of the area coefficient C9 prevalli~ ~ tk co~~tion

runs was found by co~aring the experimentally determined variation of
Fg Sf@nSt p8 with the vsriation computed from the pretious equation

using C9 of 0.9 and 1.0, as shown in figure 7. Since the eqyations

are relatively Insensltive to equivalence ratio and specific heat ratio,
average values of 0.7 and 1.25, respectively, were used in the equation.
AJ2.magnesium was assuned to be in the form of magnesium oxide. Fig-
ure 7 shows that the area coeffIcient of the experimental nozzle was

. 0.95, so that solid deposits could not have reduced the nozzle area by
more than 5 percent. Furthermore, the constancy of the e~erlmenta12.y
determined area coefficient would indicate that the maximum thickness of
the oxide layer was attained within several seconds after initiation of
combustion,



12 NACA RM E53E27
.-
-,

Effect of conihstor-inletvelocity and pr
—

essure on performance. - ●

The velocity and stagnation pressure at the combustor inlet and the air ._._._ .....
specific impulse are presented as a functioq,of equiv~ence.-rq?io ~th
fuel fluw rate as aparamter (fig. 8).

.-:
Con@stor velocities ranged -*

from 220 to 340 feet per second at equiti=xe ratios Of !?.9arid004~
—

respectively. For.a given eq@valeuc? ratioa com@or-velocitY devia~ _ ..=
tiOns tith change in fuel flow rate were ~OS@ 5 percent from a me=
value, and these deviations correlated with the change In Impulse value’s. ‘–
Conbustor stagnation pressure ranged be~een 35 ~, 67 pounds per square . - j-
inch absolute. Pressure and impulse @ata of-figure 8 sre_,cross-plotte~”

—.- -----
,% _’

on figure 9 for equivalence ratios of 0.45,_0,6Xand 0.8. Within the E
limits of accuracy of the instrumentationand for the range of”operating .
conditions investigated} conhstor pressMe_had no”effect.on iw~se ._. —
performance. “ -.- — —

Combustor and impulse efficienc~. - Combustor efficiency and air
specific @wil.se efficiency are presented on-fi~e 10 as a function oZ_
equivalence ratio. These efficiencies were computed from the curves of
ah specific impulse against eqyivalepce ratio (fig. 5). The mean
value of conibustorefficiency increased from a Vdue.of 66 Percent at ._
an equivalence ratio of 0.4 to 86 percent at 0.95 equivalence ratio. An
Impulse efficiencyof 87 percent was obtained at an equivalence ratio of
0.4 and the efficiency increased to 96 percent at an equivalence ratio
of 0.95.

--

. .—.- —-
----.-
—

.< . . ...-
.-
—

.—-.-— .=
—

TIE conibustor-~et velocity (fig. 8) progressively increased with. ●

decreasing equivalence ratio; consequently, the independent effect of .—

either inlet velocity or equivalence ratio o~.conibustorefficiency can-
not be determined.

___ ~-z

Heat transfer. - E~erlmental values of heat flux and combustor
wti temperature obtained during run 97 are present6d in figure 11.
Although the ati flow decreased somewhat as the run progressed
(table III), the test conditions for this particular run were maintaine-d
as neerly constant as possible. Wall temperatures,,l.2.5inches downstr.eem.
of the flaw holder, were less than 100° F higher then the cooling-air-
temperature. The flame zone apparently did not re~h the combustor wall;
until It had traveled about 16 to 17 inches mf the 19-inch-long conibus-
tor. The axial temperature grtilent w 15@_F per Inch, 3 inches
upstream of the nozzle entrance. Hence, the temperature gradient at the
downstream”station, which was 1.5 inches from the,nozzle entrance, may
have been of a slmllar magnitwh. In,ald.probability, combustor effi-
ciency would be improved by an increase in combustor length; however, a
longer ccmibustoror more.violent mixing of the burn$ng products might
require additional protective ‘ineasurestd ~ment combustor wald.burnowt.

.—-
<
:-.,

—
.-— .—

—
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. Since nesrly all the radial heat flux was confined to a localized
erea, minor deviations in the location and seating of the flame could
produce major deviation in the heat-transfer data.

.

EnKine durability. - During run 87, the conibustorpressure losses
began to decrease 45 seconds after ignition as shown on figure 6. Photo-
graphs of the flame holder, taken before and titer the run (fig. 12),

N show pronounced erosion of the cylindrical case and @tters. On the
4
m other four runs, the fleme holder was only slightly damaged; however,
UI the downstream end of the flare-holder case was usually burned away.

The flsm holder used ddring run 97 was faltricatedwith one half of
the funnels and gutters of Inconel and the other one half of 347 stain-
less steel. The thiclmess of these parts was increased from 1/16 to
3/32 inch. Although operating conditions were severe for a durability
test, flsme-holder damage was negligible for a run duratfon of 78 sec-
onds. It was not possible to determine the better flsme-hold= material
from this test. Durability for all ccmibuetorparts is believed to be
adeqwte for,short-range flight applications.

Coqsrison of Slurry and Ethylene Performance

Basis for comparisons. - The magnesium fuel performance was accept-
able with regerd to the range of stable combustion, alr specific iqulse

● values, freedom from solid deposits, coribustorefficiency, @nit ion,
durability of parts, and heat-transfer characteristics. The slurry per-
for~ce data were next compared to the performance data of the ethylene-

. fueled ram-jet engine. The data for the ethylene performance (refs. 4
and 6) were obtained with the diffuser irmuersedin a s~ersonic air -
streem, which may have resulted in cmibustor-inlet velocity profiles dif-
ferent from those encountered in the present connected-pipe tests. V-
iations in velocity profile, by affecting the mixing of the fuel end air,
could influence the conh.stion perfornknce.

compan!.sonof thrust and fuel-consumption data. -Thruet and fuel
consumption performance sre presented on figures 13(a) and 13(b) for
slurry and”for ethylene fuels. The Meal and experimental slurry data
and the ideal octene-1 data were obtained from figure 5. The Ideal
ethylene data were conputed from adiabatic flame temperatures presented
In reference 10. The exper-ntal ethylene curves were computed from
free-jet data reported in reference 4. The respective diffuser-entrance
and nozzle-throat dismeters for the latter tests were 3.95 and 5.75 inches,
as compared to 4.42 and 6.0 for the slurry tests. Consequently, the com-
bustor velocities associated with the ethylene data given on figure 13
were somewhat lower than those reported for the slurry tests. A flight
test is reported (ref. 6) in which the diffuser and exit area dimensions
were the same as those for the slurry data; however, the band of equiva-
lence ratios was relatively small and a fuel system leak resulted in
qpestionable accuracy of the fuel fluw rate. ,
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The fuel wei t specific Impulse is presented as a function of-ah
rspecific impulse fig. 13(a)). Over the r-e of ah specific lmp~se-

obtained with ethylene~ the fuel night spe?tifc.Q?~e. of ethylene
was ~eater than that of the slurry. :Huwv~T~ the curves for the eVer-
-ntal data tend to converge as the fuel-air ratio was increased. This
effect is attributed to two factors. The ideal Impulse ewes converge
at the higher fuel-ah ratios. Also; the air specific @pulse efficiency
decreased for ethylene and increased for the slurry with increasing fu6l-
air ratio. At an alr specific impulse of 159 seconds, which was the max-
imum obtained Wth ethylene, the fuel weight specific impulses of the
ethylene and the slurry were 2350 and 2000 seconds, respectively. -

Fuel volume specific iqulse, which is a measure of the fuel volwhe
consumption, is presented on figure 13(b),q~a function of the air spe-
cific impulse. A specific gravity of 18.3 pounds per cti,icfoot was
used for the ethylene volume “hupulsecomputation. This specific gravi~y
had been obtained “whenthe fuel tank lraspre~surized to 1200 pounds peg
square Inch. The fuel volume specific impulse of the slurry was 2.1
and 3.1 times greater than that of ethylene at alr specific impulses of
120 and 159, respectively. At air specific.@pulse values of 150 to
170, the experimental fuel volume impulse of the slurry veried from
10 percent lower to approximately the idea for octene-1. .-. .

— -
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me fuel vohme specific @ulse is a g$gnificant p~smeter when . _ G
applied to vehicles that have a small ratio of fuel weight to gross —

vehicle weight. For example, the Langley v~icle has an ethylene fuel-” — ‘ “~
to gross weight ratio of 0.1. Hence, a large Increase in volume specific
fuel consumption can effect a correspondingly large increase in fuel load _ . “-
with only a small Increase in vehicle gross,:yeight. ——- -—-—

The last portion of a gaseous fuel in a_fuel-pressurized system is
unavailable for conihstlon because of the s~ly system used. In con-
trast, the slurry fuels require apuqdng f~cility. These penalties

.-—

must be considered when the fuel volume and fuel weight specific ~tises . _
—

are related to a specific application.. Alth~ugh magnesium slurries have
been .successfullypumped with a positive-displacementpump, gas pressuri- —

zation of the slurry for snlall.-vehicleapplications appems promising and ._
has been Investigated (see appendix C.). ~.. .._.._ ~

.-
— .. ._=

Gross thrust coefficients were computed from the data of figure 13(a) _
by the method shown in the Data Reduction section and are presented on- ___ _“”
figure 14 as a function of equivalence ratio. An experimental simylated
thrust coefficient of 0.5 was obtained at an equivalence ratio of 0.4 ..
for both the ethylene and the slurry fuels.T”At stoichio~tric eqylva-.~...---- ‘“~
lence ratio, the coefficients for ethylene and the slurry were 1.03 and
1.33, respectively. The slurry coefficients were greater than the ideal . ~ -
coefficients for octene-1 for equivalence tiatiosgreater than 0.58. . .-

. .

.



NAC!ARM E53E27 15

.
An ordinate scale of net thrust coefficient is presented on fig-

ure 14. The net thrust coefficient is eqyal to the gross thrust coeffi-
. cient less one haE the drag coefficient of the twin-engine Langley

vehicle. This coefficient is a measure of the acceleration capability
of a vehicle. Both slurry and ethylene fuels provide positive net thrust
coefficients over a wide range of equivalence ratios. The msximum net
thrust coefficient obtained with the slurry was 1.01 and was 1.43 times
the msximum obtained with ethylene.

n)

2
UI

Comparisen of cotiustor pressue data. - Figure 15 presents
cotiustor-inlet stagnation pressure as a function of mass flow. The
mass fl.uwsfor the ;lurry d%a were conqxztedfrom the fatied curves in
figure 8, and the ethylene data are from ref~ence 6 for a comparable
6-inch-diameter choked-~it-nozzle throat. At a constant air flow and
comparable gross thrust coefficients, the conibustor-inletpressure gen-
ertiy was lower for the slurry than for the ethylene fuel.

omparison of fuel-ignition data. - The ethylene ignition system
(ref.C5) used two small Ignition squibs and a magnesium stsrting disk
which blocked 69 percent of the combustor area. The disk lowered the
stsrtbg combustor-inlet veloclty and allowed proper mixing of the fuel
and air prior to ignition. Approxhately 0.7 second after ignition,
the disk burned away and the conbustor pressure was at normal uperating
conditions.

.
The slurry was ignited by one large flere without the aid of a

starting disk. The flare was ignited and the fuel turned on. Table III
. lists slurry performance data and the t- from the start of fuel flow.

The first point listed after time zero represents the time int~al
reqpired to bring the engine to operating conditions. The longest time
required was 3.1 seconds for the five tests covering a range of starting
eqylvalence ratios from 0.65 to 0.90. In each“run, ~out 1.5 seconds had
elapsed before the thrust trace began to rtie. The ma@r portion of this
tim was required to fill the fuel system downstream of the orifice
restriction. The starting characteristics of the slurry system appeared
to be satisfactory over the range of equivalence ratios exmnlned.

SUMMARYa’ REsums

1. The followfng results were obtained In the application of a
50 percent magnesium slurry to a flight-type, 6.5-inch-diameter ram-set
engine evaluated in a connected-pipe facillty:

a. A conibustorwas developed for slurry fuels that provided
acceptable conhst Ion performance for equivalence ratios between
0.39 and 0.95. CoMbuetion limits were not determined.

..-

.
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b. An air specific impulse“of178,:,secondswas obtained at the
0.95 equivalence ratio. ,

c. Air specific impulse efficiencies of 87 and 96 percent were.-.
obtained at equlval.enceratios of 0.40 and 0.95, respectively.
Conkmstor efficiencies of 66 and 86 percent were comptied at the
same equivalence ratios. -:

d. Ignition and starting of the ram-~et engine were success-
fulLyaccompllshedby an electrically f.red flare over a range of-
equivalence ratio~ of 0.65 to 0.90.

-...
-.

,:
*

—. .—-

.— —

-.. . . :.%

e. The durability of ~1 co~wtor pats was satisfactory for a
test duration of 78 seconds under severe durability test conditions.

f. The deposition of solid products of combustion in the com-
bustion cwer and exit nozzle was confined to a thin layer.

2. The fo~owing results compere the performance of the slurry fuel
to that of ethylene fuel, both evaluated under similar conditions. The.
ethylene data were obtained from free-jet and flight tests reported pre-
viously.

a. The thrust coefficient for slurry fuel exceeded that for
ethylene at equivalence ratios greater than 0.4 for a simulated free-
streem Mach number of 2.3 and for altitudes above the tropopause. At
these free-stream conditions, the maximum net thrust coefficient
obtained with the slurry was 1.01, 43”percent nmre than the nmximum
obtained with ethylene.

b. At constant air flow and co-able thrust coefficients,-
the conibustor-inlet pressure was generally lower for the slurry than
for the ethylene fuel.

c. The fuel volume specific Impulse of the slurry was 2.1 and
3.1 times greater than that of ethylene at ah-specific Impulse
values of 120 and 159 seconds, respectively.

d. The fuel weight specific Impulses of ethylene sad slurry
fuels were 2350 and 2000 seconds, respectively, and for the msxlmum.—

alr specific impulse obtained @th the,,ethylene,159 seconds.

CONCLUDING

The ccmbustor developed for use
ccmibustionperformance over the full

REMARKS

with slurry fuels provided acceptable
range-of comb~tor-inlet conditions

. .
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.
investigated. These conditions shulated most of the range of codbustor-
inlet conditions that probably would be encountered during flight tests

. of the vehicle. Furthermore, combustion performance comparisons made
for slurry and ethylene fuels in similar engines Indicated that slurry
fuel cotid provide appreciable ficre~es in maximum velocity, accelera-
tion, and range of the vehicle.

~ Lewis Fldght Propulsion Laboratory

k National Advisory Committee for Aeronautics
CleveMd, Ohio, March 30, 1953
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NACA FM E53E27

EIZFECTQF ENGINE CONFIGURATION AND FUEL VARIABLES ON

COMBUSTION PERFORMANCE

Development procedures. - The program pfesented herein was directed
towards the development of.a slurry-f=led “c—5mbustorfor the flight
vehicle. This objective probably could have:been attained with the
least difficulty by using the highly reactivq, grade C powder throughout
the investigatIon. Unfortunately, this powder waa available in only a
limited quantity and had to be reserved for”the latter phases of the
program. The coerse powder showed sufficient variations in average
partIcle size to require two separate,desigg@ions (grades A and B).

The diffuser was designed to be used in flight with a 6-inch- ~-”
diameter exit nozzle; however, a 5.66-inch nozzle was used In the initial
phase.of the present investigation to provide low combust,orvelocities_
and stable coxibustionfor a variety of engiqe configurations.

Exploratory tests indicate~that variations in fuel-injection and
flame-stabilizing appsxatus had large effects on combust~on performance.
Occasionally, simultaneous modifications were made to several engine
components. The results presented herein are restricted_to the cop$ig-
urations that either performed satisfactorily or were so related to
other configurations that a coherent analysis of the data could be madk.
The flame-holder and fuel-injection c“onfigur@ions considered herein are
Illustrated in figures 16 and 17, respectively. The eight fuel Injector
configurations are divided into two general “schemes. The v=iable-port-
erea in~ector (fig. 4) was used with injecto~ typ~s A through E

—-

(fig. 17(a)). Four of these in~ectors utilized fuel-impingement surfaces
mounted in the ah stream. The second fuel in~ector scheme employed
smald, round orifices in conjunction pith h}@ injector pressures
(approximately 600 lb/sq in.). The fiow-res~riction orifice was pot ““

-.
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used in these tests since the injection orifices acted as the flow restric-
tors. The locations of the high-pressqe ofi-fficesare shown in fig- -

.-

ure 17(b).
-....

Tests conducted using a 5.66-inch4iemeter nozzle. - Performance
data for four flame holders of types A, B, and C of figure 16 are pre-
sented in figure 18. A type C fuel i~jecto~”(fig. 17) was used for
this series of tests. Flame holders with funnels were designed to con-
centrate the atomized fuel in the recirculator zone of the flame
holder. The funnel flame holder”and the gutter flame holder each had a
projected area blockage of 40 percent; however, the friction loss of
the funnel was smaller them that of the gutt~s”. ““~though the tits -
scatter was large, the performance l~el for these two flame holders ‘
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was approximately the sane. Two type-C flame holders were tested. The
performance of the one with 40 percent exea blockage was lower than that
of types A and B. This effect was attributed to the reduced width of
the funnels end gutters, which reduced thefi effectiveness. The best
performance was obtained with a type C, 46-percent-area-blockageflame
holder having funnels and gutters that were 25 percent wider than those
of the previous flame holder. Nesrly theoretical performance was
achieved at equivalence ratios greater than 0.8, but the efficiency
decreased rapidly at leaner mixtures until blow-out was reached at 0.48
equivalence ratio.

The series of tests described was conducted during a period
in which the fineness of the magnesium powder was varied. Ccmibustion
performance was not appreciably affected when grade A magnesium, the
coarser of the two powders, was S* stituted for grade B magnesium.

Although several flame holders other than types A, B, and C were
investigated, only one is of sufficient interest to mention. The slotted-
can flame holder, D (fig. 16), is simik to a type used b gasoline-
fueled ram-~et engines. This flame holder would support combustion over
a limited range of equivalence ratios; however, the inner surfaces were
so effectively bathed in the flame that the conical portion rapidly
melted away.

Effort was next directed tdwards improving the lean-mixture per-
formance by mdtiying the fuel-stratfiication techniqpe. Thrust per-
formance data for fuel injector configurateions A, B, and C of figure 17
are presented on figure 19. The type-A flame holder (zig. 16) was used
for this series of tests. Successive?improvements in impulse level and
blow-out limits were obtained when the injector configuration was varied
from type A through type C. Results of a series of tests, using three
types of high-pressure fuel jet (fig. 17) and a type-C flame holder with
46 percent blocked area, are presented on figure 20. Fuel-injection
pressure ranged from 200 to 600 pounds per square inch. ~e-F injec-
tion resulted in unstable conibustionand type-H injection resulted in
stable conibustion at a very low impulse level. For the high-pressure
in~ector tests, the best performance was obtained with the type-G con-
figuration. A co~arison of figures 18 and 20 shows that the type-G
injector exhibited lower air specific impulse than the type-C injector
when both types were tested with the same flame holder.

After tests with fuel injector types A, F, and H, fuel traces were
found on the diffuser and combustor walls. With injector types B, C,
and G, fuel traces were found on the diffuser inner body, which indicated
that the fuel assumed a path much closer to the axis of the engine. In
the latter case more fuel entered the portals of the flame holder, which
caused a locally rich zone behind the flame holder and resulted in
improved performance. The performance of the type-C in~ector was better
than that of either types B or G prob~ly because of improved atomiza-
tion of the fuel spray by the air stream.
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Data for a 3-inch-long sleeve, type-D injector of figure 17 are
presented In figure 21. For comparison, a curve of the data obtained
with the type-C injector is shown on the same.figure. Im@lse perfor-
mance reproducibility for the two runs made with the sleeve conf@ura-
tion was very goodi In addition, lean opera~lon was extended to an
equivalence ratio of 0.4 and, when compared ~th the_type-C injector,
the sleeve configuration pruvlded Improved @pulse performance at eq@v-
alence ratios less than 0.75.

Oxide deposits on runs 79 and 80 (fig. ~) were the largest observed
during the course of the investigation. A photograph (fig. 22), taken
after run 79, shuws”the deposits adhering to the frame holder and nozzle.
The duration of each run was 4 minutes, or approximately twice the burn-
ing time for previous tests in which qtable.burningwas achieved. The
oxide deposition on the nozzle developed in a progressive fashion and
the codmstor-inlet velocity at a given equlyalence ratio decreased .-
accordingly. For example, at an equitience.zatio of 0.7._mdwtth @
choked exit nozzle, the first air-flow traverse resulted in a velocity
of 200 feet per second, whereas on the sixth (final) traverse. the veloc-

.
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ity was 0nly-170 feet _&r second.
. ,-:. .—-.

Stable and reproducible @ulse performance, achieved over”a fairly
wide range of equivalence ratios, climjaxedtb first phase of the pro-” _, -_
gram. Performance at the leanest equivelenc~”ratlo of interest was

—-.

stilJ unsatisfactory, and solid deposition WE* excessive.
:

Tests conducted with 6-inch-di~ter noiile. - The remain- runs
presented In this reportwere conducted with a 6-inch-diankter nozzle ❑ ~-
and a type-C flame-holder tith 46 percent blocked area.

Two series of tests (fig. 23), In which the atomization sleeve
length was 3 and 4.5 inches, respectively, were conducted using grade C
qesi~ P~der in the slurry.

.-

The series of runs with the 3-inch sleeve (fig, 23(a)) resulted in” _

.
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air specific impulse efficiencies ranging from 99 to 87 p=cent at an ‘..
equivalence ratio of 0.7.

—
On the first run,-liigherconibustorpressures .

ad W tqeratures than had been previously recorded tended to s*- ‘- - - -

-...

Stantiate the high impulse values obtained. -Utiorttitely, the perfor- —

mance was luwer for the two stisequent runs ai?this series. Observatiori
of the ctiustor after each run indicated that oxide formation was neg-

-—

ligible and could not account for the lack of-reproducibility in these
—
.—

tests. Undetected differences in the three ?uel-
tests maybe

Impulse
presented in

responsible’for the resulting thee

data for five runs using a 4.5-inch
figure 23(b). The re9ultsof ttise

separate Impulse levels.

atomization sleeve are ~

tests are presented in -,

.:

.-

—
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.
greater detail h the body of the repcmt. St*le combustion was min-
tained at equivalence ratios leaner than heretofore possible. Repro-
ducibilityy of performance was considerably @roved by use of the longer.
sleeve; however, none of the runs resulted h so hfgh an iqnilae level
as was recorded for the best run shown on figure 23(a).

Data are presented in figure 24 for two runs in which the slmy
contained grade B “magmsium. A 4.5-inch sleeve in~ector, considered to
be the best type evolved during the development program, was used. The
impulse level of run 91 was slightly higher than that of run 93 possibly
because of higher inlet-ati temperature. The blow-out velocity on each
run was 300 feet per second. Figure 24 also contains a curve for the
data (fig. 23(b)) obtained with grade C powder. This powder markedly
improved the @ulse level and extended the lean operational limits.

General compar isons . - Separately, the variations in flame holders,
inJection methods, and exhaust nozzles had a pronounced effect on com-
bustor performance.

Of the flame holders tested, the 46-percent-blocked-area,funnel-
gutter mnfiguration provided the best source of flame stabilization.

The results of the in~ector-configurationvariations indicated that
the 4.5-inch sleeve permitted stable operation at leaner mixture stren@h
than any of the other types tested. Although the forward-splash, type-C

. injector provided nesxly theoretical impulse performance at equivalence
ratios greater than 0.8, these tests were conducted with the smaller
exhaust nozzle and hence cannot be directly cmpared to the 4.5-inch-

●

sleeve data.

A tabulation of the data of figures 21 and 24 serves to illustrate
the effect of exit-nozzle di-ter on combustion performance:

Exit- Fuel in~ector Air specific Lean blow-
nozzle
di-ter , Type Sleeve

@ulse at out equi-
0.8 equlva- valence

in. kngth> lence ratfo ratio
h.

5.66 D 3.0 166 0.39
6.00 E 4.5 160 .55

The slurries used in these tests contained grade B powder. The type-E
injector was shown previously to exhibit better ccmibustion character-
istics at lean mixtures than the type-D in~ector. From the table it

. can be seen that the larger nozzle used in combination with the type-3
QJector decreased the impulse level aud increased the tendency of
flame blow-out. Consequently, the enlsrglng of the exit nozzle seriously

.
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reduced the combustion performance. :Ingen@al., the greatest oxide -
deposits were associated with use of the smaller nozzle and the cosrser
powder. Oxide coatings on the 6-inch nozzle~were confined to a sptiing
layer that was in”the order of 1/16 Inch thick.

Whereas the engine configurationwas deliberately modified through-
out the course of the investigation, the f@l and operating proceclyre_
were not always so suh$ect to control. A discussion of these variables
fonows. ““ +

.
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An over-all inspection of the test data does not shuw any correla~
tion between combustion performance and fuel viscosity. This effect is
not suprising since the viscosities of these fuels decrease with shear_. .: _.J–
rate (ref. 8). Therefore, the high viscosity values (table 11), as
measured by a viscometer emplo~ng low she~ rates, are not necessarily - ‘-”
indicative of the actual fluidity of.the slurries at the injector station.

Small-scale cqmbustor studies (ref. l.1)show that grade B powder is
less reactive, codmstionwise, than the finer grade C powder. SimW._.
effects were observed in the present investigation,when the powder was
changed from grade B to grade C (fig. 24). No measurable difference in
performance was noted when the metal component of the slurry was changed,
for a brief period, from gade B to the somewhat coarser grade A mag-
nesium powder.

On figures 18, 19, and 24, the Inlet-air teqerature Is shown to
deviate considerably from.run to run.” Although a systematic study of
the effect of inlet-air temperature was not undertaken, the data Indicate
that codnzstionpefformance was improved by moderate increases In inlet=
ati temperature. This effect was further stistantiatedby several tests,
made from time to time, in which stable cotiustion was not achieved at
an inlet-air temperature of 60° F. ‘ ‘j: . ‘“ —
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PRECISICllCE’DATA AND RELIABILITY @ RESUZTS

Measurement of stream momentwn. - The primary parameter used to
eqress conimetor performancee was air specific iqnd.ee. In order to
determine ah specific iqmlse It was necessary to determine the total
momentum of the exhaust gases at the nozzle throat. This was accom-
plished by use of a thrust barrel, shown in figure 25. T@ short
cylindrical duct was not a part of the inetalJ.atIon but was included on
the f@ure for convenience in presenting the mmentum ansQees of the
system.

The pressure at stiation 12 is considered to be the ambient pres-

sure exerted on ti vertical surfaces of the thrust barrel exclusive of
section X-X (fig. 25). The reaction, B, measured by the thrust bsrrel
is

l?romthe principle of conservation of momentum

mUVU + pUAU = (p% +
.

Therefore, the reaction measured by

.
(P@.g + qvg) + (Pl&lo +

..-,-

Since the term (p~ +

products at the nozzla

F9 =B -

~V9 ) is the

IuJ9) + (P1oA1o + mlovlo)

B is equal to

mlovlo) - PU (Ag + AIO)

streem momentum of the

exit, the thrust equation becomes

(P@10 + mlovlo) + PU (~ + Ale)

conhstion

The ambient pressure p12 is essentially a total pressure since

the srea of any flow channel bounded by the barrel and the outer shell
is very large. The induced flow mlo results from the pressure dif-

ference between p12 and Plo. For small pressure differences, the

induced gas fluw can be expressed by the
~ion

%OV102
PM - PI()‘~

incompressible Bernoulli equa-

. %Ovlo

%0
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which is nmre conveniently
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. . .,.

%OV1O = Z(4)A10

Sfisti.tutionof these relations into the aforementioned thrust equation
yields —

..

.

.

-.

F9 =B - p@10 + (4)A10 - 2(Ap)A1Q+Pl~ +P12A1o =
““-g

B + P1#9 - (4)~o
N

Areas ~ and Alo are approximately eq~, but the pressrme differ; _ ,- , ,:

ence 4 is much smaller than p12. If It is assumed that 4 ia j ““‘:
-—

negligible, the thrust

A series of tests

equation becomes .. .-.—- =-.

was conducted to determine the validity of this
equation. Metered quantities of air at 2 to 5 atmospheres pressure wei’e
discharged thro~ a long cylindrical pipe attached to a convergent noz=
zle mounted In the position normally occ~ied by the engine ccmibustorand”
nozzle. The pipe and nozzle diameter were ,mQer than-those of the
engine In order to obtain the desired press~e with a limited ah supply.
The stream momentum computed from the air flow rate and stagnation pre%-.
sure, assuming idealized one-d-nsio@ fl_,_-re~~ions, _wa~,c,xpparedto
the stream momentum eqressed as B + p@g. The two methods of momentum

determlnation showed en agreement that was within the accuracy of the
instrumentation.

—.

.-
—

.— —
●

—

=m, -

—

—

Accuracy of instruubentatton. - The limited availability of magnesium ,.
powder, particularly the grade C matwial, .~cessitated obtaining the - ,_
maximum of data for a given set of operating conditions. Nonthermal
equilibrium operatIon and the use of fast-re-sponeeinstrumentationwasj,
necessary.

----

Calibration data indicate the over-alJ accuracy of the oscillograph
system to be 2 percent of the values measured. The remainder of the
instrumentationhad an even higher degree o’faccuracy.

-.—
——
-..

—
—
—

In addition to complying with the calibration procedure outlined
previously, the instrumentationwas thorou@Jy recalibrated hediat~ - “’ “=
prior to run 97. The data for run 97 are shown on figures 5 through 8
to be in close agreement with the data obtained for the other runs of- :
this series. =

I
.

.

._. . .- -.
-.

.—.
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Precision of fuel-flow rate determination. - The

flow rate determination, calculated from the slope of
. weight against tim flow, resulted In probable errors

25

method of fuel-
the fuel-tank
of approxtitel.y

3 percent. These errors were larger than the errors caused by instru-
ment inaccuracy since only pat of the full ~tmnnent range was used
in measurhg one constant flow rate.

Effect of transient pressure condi.tions. - Since the inlet plenwu
m4 Is in effect a storage tank, the cotiustor-inlet fluw rate for unstead.y-
UI
m state conditions d~ers from the orifice-measuredflow rate. Another

air-flow error could be caused by conimstor pressure fluctuations
traveldng upstremn into,the plenum. Furthermore, these pressure fluc-
tuations m@ht have a detrimental effect on cwibustion performance. A
simple method of detertifng the possible existence of these effects can
be shuwn by means of figure 26. The dtifuser total pressure ratio
P7/Po and the ratio of the air flow required to choke the diffuser to

the measured (orifice) ah flow are plotted as a function of co?dmstor-

~ inlet Mach number ~ for the data of table III. The ah-flow ratio

c) should be unity at inlet velocltfes greater than that for choked flow.
At Mach nunibersgreater tti 0.19, the cliffuser was choked and the maxi-
mum deviation of the air flow rat10 data from unity was 4 percent.
Therefore, the ah flow rate at the orifice was taken as the air fl.uw
rate at the codmstor inlet for the chosen data points. The transition
from choked to unchoked diffuser fluw occurred at an equivalence ratio

. of approximately 0.65. limpulseperformance (fig. 5) did not appear to
be affected by this phenomenon.

.
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FUEL-FL(37BENCH TESTS F(IRFLIGHT APPLICATION —

A sin@.e fuel system has been proposedlfor use in short-range flight
vehicles similar to the vehicle described in references 5 and 6. The
principle of the system operation is as follows: The tank Is partly
filled with fuel and the remaining volume is charged with an inert gas.
The ortiice flow restriction Is chosen to prtiide the desired Initial
fuel flow”“rateat the initial tank pressure~_ As @l flaws from the _
teak, the pressure decreases and thereby reduces the flow rate. Some
control over the slope of the fuel flow decay curve is possible by
suitable choice of the initial fuel to inert-gas volume ratto for a -
given tank valume. This method of flow control is believed to be suffi-
ciently flexible to provide the flow rates requtied for some flight
paths of interest. —

.,.. --

~% ._.—
._5 ..;.

.—
.- ——

- “---
.—
.—
.
<

A bench-test investigation was undertaken to check the operation

of the proposed s~tem for a twin-engine application and to check the -

—

f luw properties of the slurry fuels. The apparatus is illustrated on —

figures 27 end 28. The fuel tank and startiilgvalve body are identic~- - ~
to those used in the vehicle reported in reference 5 j however, the ‘start- - ~

ing valve was operated pneumatlcalJy rather than by-the firing of squlbs __ ~

In order to permit both opening and closing ~of the valve.. A spring- a—
loaded cylinder valve of the type shown in f!@me 4 was mu.nted h each . .
of the 5.5-inch-diuter reservoirs. Fuel, ‘~lschargedthrough these , ‘,‘. - .=
valves, produced an upward movement of the pistons tid the markers rig-
idly connected to the pistons.

.=
The len@h cg fuel line between the fuel .

tank and in~ection vd.ves was approximately the same as that for the
fuel system reported in references 5 and 6.

For each test, a measured amount of sltiy containing equal parts

by wel.ghtof magneslun and MIL-F-5624A, gradg JP-3 fuel plus additive -
was placed h the 1.37-cubic-foot tank. Adtitiond fuel was placed in -.
each reservoti to a depth sufficient to cover the cylinder valves. The
pistons were forced duwn until 8U the ah and some fuel flowed up the
merker pipes. The pipes then were capped to seal the system. The tank
was pressurized to-1000 pounds per sq~e” irLc>and the nitrogen supply
was then closed.

Photographs of the pressures, time, and marker positions were
.

--
obtained throughout each test at intervals of approximately 1.3 seconds.

..-=

Marker position was converted to volume and hn to fuel wei@t. me C
fuel flaw.rates were computed from the slopes of the fuel weight-time
curves.

a. -—
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Three tests were conducted with a 0.105-tich-diameter restricted-
approach orifice mounted in each outlet of a l/2-tich T-fitting dividing
the flow to the two cylinder-valve assemblies. Flow rate and presswe
data are presented In figure 29(a). Within the lhlts of a@erimental
error, the flow was divided evenly between the two reservoirs. The two
grade B magnesium powder slurries tested differed wtdely invlscoslty
but exhibited similar flow rates. The grade C powder slwry gave flow
rates approximately 7 percent greater than the grade B powder slurries.
The discontinuity in several of the injector pressure curves was prob-
ably caused by friction of the pistons in the cylinder valves.

Three tests were conducted using one reservoir and a O.125-inch-
dismeter orifice (fig. 27) which did not have a restricted approach sec-
tion. These data are presented in fIgwe 29(b). The flow rate, with
the orifice mmuted in a l/2-inch straight fittZng threaded Into the
fuel tank, was somewhat greater tham when ~ orifice was mounted in
one end of the T-fitting. In contrast to the data of f-e 29(a), the
fluw rates were not affected by a decrease in powder particle size.
Viscosity differences caused no differences in flow rates.

The area discharge coefficients for the bench test data are pre-
sented on figure 30 as a functIon of orifice pressure drop. The 0.125-
inch-diameter orifice resulted In consider~ly lower discharge coeffi-
cients than the smaller orifice with the restricted approach; however,
as noted previously, the larger orifice appeared less sensitive to the
metal particle size. When the orifice was mounted in a straight fit-
ting, the discharge coefficient was much more nearly lndepen&nt of
pressure than when the orlflce was mounted in the end of a T-fitthg.

The fuel system appears to be suitable for use with slurry-type
fuels for inltial flight investigations.
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TABLE 1. - SPECIFICATIONS AND ANALYSIS W

HYDROCARBON CARRIER FUEL

Specificati&s AnaQEis of

MIL-F-5624A carrier fuel
(JP-3)

A.S.T.M. distillation
D 86-46, OF
Initial boiling point 106
Percent evaporated

5 144
10 177
20
30 246
40 272
50 299
60 323
70 349
80 379
90 400 (min.) 417
95 445

Final boiling point 600 (max.
1

479
Residue, percent 1.5 (max. 0.9
Iass, percent 1.5 (max.) 0.6
Aromatics, percent by volme
A.S.T.M. D-875-46T 25 (max.) 8.5

Spec3fic gravity 0.728 (tin.) 0.755
Reid’vapor pressure,

lb/sq in. 5-7 6.2
Hydrogen-carbon ratio 0.171
Net heat of conhstion,
Btu/lb 18,400 (min.) 18,725

.
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TABLE II ● - DESCRIPTION ‘(3?FUEIS

ml slurries are 50 percent magnek-iumby weight in
~L-F-5624 grade JP-3 fuel]

I Batch IPowder viscoBitp,
grade I centipoise”

I B
B

4 A
n A
14 A
15 A
48 B
49 B
50 B
52 B
53 B
54 B
57 B
58 B
61 c
65 “c
68 c
69 c
71 B
74 B
81 c

1

560
840

5,060
1,900
3,000
17,000
5,600
650

1,500
15,600
3>800
740

1

Stability
tlmeb

Unstable
Unstable
Unstable

~Unstable
Unstable
Unsteble
Unstable
unstable

:Unstable
6,Mon%s
1 Day

,4 Days,
,5 Days.
1 Month
7 Days
1 Day=
2 Months
2 Dan
3 Hours-.

Used in run

89101514
14,;0,;1 ‘

22
29
30

71
72
73
74
75
79
80
81
84

86,87,88
89,90

91
93
97

%Iscosity was obtained with a

bTime in storage before a thin
forms at the top of fuel.

Brookfield viscometer.

la~-~ of clear liquid

+

—
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Density ratio across the cdmtor, P~P8

Figure 6. - Conibustorpressure lasses attributed to friction,
momentum, and solid deposition for slurries containing 50
percent grade C magnesium in MIL-F-5624Jlgrade JT-3 fuel.
Flaw holder C, 46 percent blocked area; fuel injector E~
nozzle diameter, 6 inches.
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F@re 7. - Effect of conibustor-exitpressure on total stresm
momentum at the nozzle exit for slurries containing 50 per-
cent grade C magnes~um In ~-F-56W.A grade JP-3 fuel.
Flsme holder C, 46 percent blocked-–xieaj-fiel injector E;
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for slurriescontaining 50 peroent grade C magnesiumin
MIL-P-5624Agrade JP-3 fuel. BMW holder C, 46 peroent
blooked areaj f’uel inJeotor Ej nozzle diameter, 6 Inches.
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Figure 9. - Effect of combustor pressure on alr specific
impulse for slurries containing SO percent grade C magnesium
in MIL-F-5624A grade ilT-3fuel. Flame holder C, 46 percent
blocked area; fuel in~ector E; nozzle dMneter,”6 inches.
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of 50 percent grade C magnesium in MIL-F-5624A grade JT’-3
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tor E; nozzle diameter, 6 Inches.
.

. ..-mEN’z%



NACA RM E53E27 41

co
A
o

g+

.

b

.

.

60 1 I
I I I I I I I I 1

.13=f+’’’”-’
— 1 1 1

DistanceofI 1
/ -

~ ~
th8Z’IUOCOUDb

lll#rll ll”llfmItlflEmiJ Ill
/ I I holder,

u

in.

20 /
17.5

———— M*3 I—.— IZ.5
—.. — 3*O

o- 1 I I I 1

lmo
I .
u

J
1400- I

I——
I

/
d

— / -“ - —- r-- d , I
I

kllllll 1
t J-1 I I I I

i

.- -— -.
w

~

I
200-

10 20 30 40 50 60 70 ao

Time from initiationof fiaelflow, sec

F5gure U. - Combustorwall temperaturesand heat transferrate
obtainedduring run 97 for a slurryconelstingof 50 percent grade
C magnesiumin MIL-F-5624Asade JP-3 fuel. Flame holderC, 46
percentblocked area}fuel in,lectorE} nozzle diemeter,6 inches.
Equivalenceratio,0.636 to 0.947; air flow, 11.78 to 10.40pounds
per second.



. . . .

II

!.

In
,i

L.

!’ ,

, ,

l,i

. J

II 1!. 1

SSL.Z

1!
1

%%Z’!
1?
5!

E“g
4

n .

I



KACA M IH5E27 43

o
Q
m

5500

5000 .

“\

‘\\ /
4500 ~ \

\

4000

3500
\

3000

2500

2000

1500 P

1000
100 120 14

Fuel-al.r,ratio

7H--tf

\.

\\

\

\
\ \l I I

. .,. I/
I .0675

\

‘ \~ Magnesium slurry

p 1128

‘1 — Experi-
mental

————Ideal

) 160 180 200 2
Alr spealflcImpulse

(a) Fuel weightspecificimpulse.

o
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ture,350 F; sonic dischargeof exhaustproduota. Experi-
mental slurry data obtained from figure 5 and egerlmental
ethylene data obtained f’rcmreference 4.
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Figure18. - Effectof severalfl.eme-holderconfi~at ions on com-
bustionperformance. Slurry,50 percentmagnesiumin MIL-F-5624A
gradeJP-3 fuel; fuel InjectorC; nozzlediameter,5.66 inches.
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Figure20. - Effect of locationand directionof high-pressurefuel
Jets on combustionperformance. Slurry,50 percentgradeB magne-
sium In ML-F-5624A grade JP-3 fuel; flame holderC!,46 percent
blocked areaj nozzlediameter,5.66 inches.
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Figure23. - Effectof injection-control-sleevelengthon cozibustion
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In KU-F-5624A gradeJP-3 fuelj flame holderC} 46 percent blocked

ereaj nozzle diameter,6.00 inchee.
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Figure24. - Effect of magnesiumgradeon conibustionperformanceof
a slurrycontaining50 percentmagnesiumin MIL-F-5624Agrade
W-3 fuel. FlameholderC, 46 percenli%loclsdsreajfuel in$ec- -
tor Ej nozzlediameter,6 inches.
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